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A digital computer model has been developed to simulat~ the 
kinetic response of a thermal pressurized water reactor power plant. 
The program is capable of predicting core power and plant tempera-
- ure variat'ons which result from disturbances due to routine 
demand changes, control rod movement, and fission product poison 
trans·ents as well as from translents during plausible accident 
situations. 
The evelop ent of the differen ial equations describing 
t e influence of arious primary plant components on the dynamics 
o the reactor have been heretofore documented in the literature~ 
Finite differe ce equations facilitating the employment of a 
di i al comp ter sol tlon are fully deri ed. 
Confidence in rogram validity is supported by the simulation 
of previously studied accidents and comparison with the safety 
analyses of a licensed nuclear pol-rer generating plant. 
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A - steam generator tube heat transfer surface area 
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c = coolant specific heat capacity at constant pressure c 
cf = fuel specific heat capacity at constant pressure 
c = moderator specific heat capacity at constant pressure 
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c = reactor inlet specific heat capacity at constant pressure p 
c = steam-water specific heat capacity at constant pressure 
s 
C = otal delayed neutron precursor concentration 
c' = total effective delayed neutron precursor concentration 
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= average fuel temperatur~e 
= reactor coolant hot leg plenum inlet tem:perature 
= moderator temperature 
= reactor coolant cold leg plenum inlet te·mperature 
= arbitrary reference temperature 
= reactor coolant hot leg plenum outlet t emperature 
= steam generator secondary steam- water t ·empera ture 
= steam generator coolant cold leg tube outlet temperature 
= steam gene·rator coolant cold leg plenum outlet temperature 
- steam generator average coolant temperature 
= steam generator coolanthot leg tube inlet temperature 
steam generator coolant hot leg tube inlet temperature 
= ove~rall heat tr,ansfer c,oefficient of reactor c~ore 
o- erall heat transfer coeffici,ent of steam generator 
coolant vollJ11letric flow ~ate 
= reactor core volume of fueled reg~on 
= reactor inlet plenum volume 
= reactor outlet plenum volume 
= steam generator inlet plenum volume 
= steam generator outlet plenum volume 
= temperature coefficient of reactivity 
xenon coefficient of reactivity 
= d~elayed neutron fraction 
= effective delayed neutron fraction 
= delayed neutr on fraction of ith group 
X 
= effective delayed neutron fraction of ith group 
= change in reactivity 
~t = iteration time interval 
= reactor core inlet-to-outlet tempe·ra.tu:re di££erence 
= fast fission factor 
= reproduction factor 
= e~ffective: total d~elayed neutron precursor decay constant 
effective total delayed neutron precursor decay constant 
= decay constant of ith group 
v neutron yield from fission 
p = 
p = fuel density 
p = moderator ensity 
= control rod reactivity 
= temperature reactivity 
= xenon-135 reactivity 
= acroscopic fission cross-section for thermal neutrons 
= half loo~· delay time 
= reactor core transit time 
..,2 = thermal neutron flux 
i = of ith group delayed neutron precursors, 
n property evaluated at node n 
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I. INTRODUCTION 
An essential considerati~on in reactor system design is the 
investigation of the reactor power response resulting from external 
disturbances sueh as core tem:perature changes, control rod movement, 
f1ssion product poisoning and power demand changes. Approaches to 
the problem have necessarily req_uired the aid of machine methods 
d e to the complexity introduced by the many elements contributing 
to the ov~eral1 power behavior. The analog computer and control 
t eory prov ded early support in the design analysis from 
conception to operation of the first power generating nuclear 
plants. Sophisticated but costly digital computer techniques are 
now used to simulate pla1 sible reactor transients which must be 
considered prior to the construction, licensing and operation of 
present-day facilities. 
The .utility of a reactor plant model which is versatile, 
inexpensive , and which generally can be used with confidence, 
primarily lies in the preliminary design phase and personnel 
training aspeets of a pow~er :plant., Such a simulator would not as 
such replace the highly complex digital reactor safety analyses 
which provide verification for safe plant operations during even 
the most adv~erse conditions and which are required for licensing 
by the Nuclear Regulatory Commission. 1 It would offer a tolerable 
range of plant parameters for adequate stability, furnish 
2 
preliminary quantitative design data for the reactor and control 
systems, and serve as an instructional aid in the training of 
plant operators and supervisors., 
A digi.tal computer model rather than ·the analog tYJ?~e was 
chosen as a result of the many inherent advantages of digital 
computers in this area of application: 
1. Quantitative rather than semi-quantitative solutions are 
available with optional plotting routines. 
2. Reactor power level and other parameters may be allowed 
to vary ove~r many decades without the loss of information. 
Scaling problems, whereby variables must be assigned 
values ordinarily between -100 volts and +100 volts, 
do not exist. 
3, Large data r~eduction capabilities significantly reduce 
setup 1iime. 
4. MultJ.ple and simultaneous variable readout is :possible 
and limited only by the number of variables used in the 
program. 
5,. Digital computers with multi-language capabilities are 
much more readily available than their analog 
counterparts. 
6. The digital computers :provide a g:rea t~er degree of 
accuracy. 
7. Digital :programming affords the user a much greater 
flexibility in ~uickly al tering the program. input d~ta 
3 
to accomodate different problems. 
8 . The technological community is more familiar with and 
better equipped to utilize the digital computer than the 
analog variety. 
he objective then is to develop a digital computer program 
that will perform a kinetic response simulation of a thermal 
pressurized water reactor power plant capable of handling a number 
of frequently encountered plant transients and adaptable to a 
variety of nuclear power generating sites. Since FORTRAN is 
available for nearly every te,chnical computer and is the most 
widely used technical program language in the country, it shall 
be used in thl.s odel analysis. 2 
Chapter II develops the reactor kinetics equations for a 
point reactor. Chapter III provides the derivation of the 
dif'ferential equations for the primary plant. Finite difference 
eq ations, corresponding o the differential equations obtained in 
Chapter III, are then developed in Chapter IV. Chapter V 
introduces the comp ter model, its limitations, and a discussion 
of its validity. Several of the more conunon plant transients are 
investigat~ed in Chapter VI, which also suggests several areas in 
which application of the computer mod,el might be useful. 
T'he Appendix provides a source listing of the computer 
program and a sample output. 
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II . DEVELOPMENT OF THE POINT REACTOR · KINETICS EQUATIONS 
Ey necessity a dynamic analysis of' an entire rea..ctor plant 
ust origJ.nate at the primary source of energy within the core 
itself' . The fissioning process then is responsible for the 
production of powe·r and can be described as a function of time and. 
:position 1nside the reactor. In order to achieve a basic 
understanding of the time-dependent solution to the problem rather 
than the much more complex beha:vior of a coupled spatial-temporal 
one, the reactor kinetics equations for a homogeneous reactor core 
1-1ill be sought, thus elimJ.natl.ng the spatial dependence from the 
dis,cussion. Hence a technique of considering a single "point" 
wl.th - thJ..s homogeneous reg1on, deriving the kinetics equations, 
and hen integrating over the core volume will yield the desired 
result,, 
Since thermal pressurized wa.ter reactor power plants designed 
for electrical power generation use uranium- 235 nearly exclusively 
as a nuclear fuel, the· following description will involve this 
fi·ssionable isotope only. The fissioning· process involves the 
absorption of neutrons by the heavy nucleus of uranium-235. the 
resulting for ation of a compound nucleus, uranium-236, at a 
rel,atively high excitation energy of about 6.4 Mev , and the decay 
of this compound nucleus by fission into usually two moderately 
heavy nuclei known as primary fission fragments.. Since .these heavy 
5 
nucle,i contain more neutrons than stable nuclides with the same 
' . . . . ~7 
mass number, they release mthJ.n the next 10 second,, several 
energetic prompt neutro~ns and then are considered to be secondary 
fission fragments, which in turn may produce delayed neutrons as 
one mode, of radioactive decay t o the ground state during a time 
spanning from a fraction of a second to several minutes. 
Approximately 100 isotopes which decay by ej ~eeting delayed neutrons 
are identified as delayed neutron precursors, and are divided into 
six groups according to the~r halflives. Ultimately, an average 
of 2.43 fission neutrons (prompt and delayed) are produced from a 
sing e thermal fissioning event,3 
eu rons from sources other than t his neutron-induced fission 
are also produced nthin t _-_e reactor core. These "source neutrons" 
may f'ind their origin from the products of' gamma-neutron, 
alpha-neutron , or cosmic interactions. They also may be t he 
result of spontaneous fission, r adioactive decay chains of uranium, 
or mtentJ.onally installed non-fission sources. Consequently, 
three types of neutrons (prompt fission, delayed fission, and 
souxce) must be accoilllted for in the reactor kinetics equations. 
I t i s 2mportant to point out the assumptions and approxi-
mat1ons utilized in this derivation of the reactor kinetics 
equations to provide an avenue by which t he validity of the 
equations may be ~evaluated. The reactor core will be considered 
homogeneous throughout. The spatial dependence of both delayed 
and source neutrons will be the same as that of the prompt neutrons. 
6 
This implies that the s,econdary fission fragments that ultimately 
produce delayed neutrons do not travel a-ppreciably from their 
:point ot:_ birth, and that source neutron birth mechanisms have 
d -· stributional characteristics similar to thos ~e of :prompt· neutrons. 
The slow1ng down time from. birth to thermalization of all three 
types of neutrons will be considered negligible when compared to 
he thennal diffusion time from thermalization to absorption~ 
This, will make possible the utilization of a self-contained 
neutron cycle model which incorporates any fast fission effects 
~t n the same cycle rather han in subsequent ones. Finally, 
the f1ssion rate ensity , P, will be considered to be separable 
·nto spat1a and time dependent funct1ons. This will allow a 
' inetic analys · s o be made independent of' spatial solutions. 
To precl de the use of different multiplication factors for 
the three t es of neutrons that would make the eg_uations 
unnecessar ' l y complex 1 a single effective rnul t1plication f 'actor, 
keff' will be a:Pplied to cycle processes for promJ>t, delayed and 
source neutrons. 1'1ere all neutrons born at the same energies, no 
preferential treatment woul.d be afforded any neutron in a region 
during the slowing down process· howev~er, d~elayed and source 
neutrons witness average birth energies below those of prompt 
neutrons, Therefore, the former types will undergo higher 
probablli t.l.es for thermalizati.on as opposed to leakage or fast 
absorption since fewer collisions in the moderator are required 
for neutrons born at lower energies . Fewer collisions will result 
7 
in a smaller fermi age (a measure of the dis,tance traveled while 
slowing down), and a smaller likelihood of leaking out or becoming 
absorbed while in the fast group (neutron energy greater than 
about 1 eV) . . ' An effective source rate density, S , and an 
effectl.ve delayed neutron precursor concentrati<On of the ith 
' group, C , are defined to facilitate the use of a single - 1 





Si ce resonance absorption regions lie well below birth energies 
J. genera , all three types of neutrons experience essentially the 
same probability for r~esonance absorption,. Equations II.l and 












S1.nce 0. 65% of the fission neutrons from the fissioning 
process of uranium-,235 are delayed, the delayed neutron fraction, 
(3 , equals 0. 0065. 4 Because delayed neutrons are preferentially 
trea,ted while slowing down, their relative effectiveness in being 
8 
I 
thermalized and later causing thermal fission is greater than the 
ave·rag·e fission neutron whose birlh energy is slightly less than 
that of prompt neutrons. Consequently, an effective delayed 
-
neutron fraction for the ith group, {3 .. , is defined to account for 
l 







J... r a average 
~F 
The basic neutron lifec:ycle can be described as follows: 
II . .5 
The al f · ssion at t• e t produces both prompt neutrons and delayed 
neutron precursors., Due to previous fissioning events, an 
inventory of these precursors already exists with each group having 
a g·ven probability of decay. Therefore, some precursors are 
decaying producing delayed neutrons also at time t ,. Finally source 
neutrons a e traduced at the same time from perhaps several 
ifferent non-f1ssion reactions. All three types of neutrons will 
then undergo a.. sloliing down process during which they may either 
experience .oast leakage, fast absor:ption or thermalization. Some 
of the neutrons which a.re absorbed while in the fast group may 
cause fast fission. Since the assum:ption that the slowing c1own 
process takes negligible· time relative to the the:r:mal diffusion 
time, precursors and prompt neutrons that are products of this, fast 
fission may be incor:l)orated in the very same slowing down process. 
This initial amplification introduces the concept of the total 
f·ssion rate density, P, uniting the effects of both fast and 
9 
thermal flssion at time t, Once neutrons are thermalized , they 
may elther be absorbed in fuel material, non-fuel material, or 
thermally leak out . Upon absorption in the uranium-235 fuel, an 
ex~ited uranium-236 nucleus is formed and may either fission or 
decay to the ground state by gamma emission. The neutrons causing 
thermal fission have taken one neutron lifetime, t T, or 
approximate y 100 microseconds, from birth to fission. At this 
point the next eye -e begins at time (t+tT) . 
By describ ' ng these events by rates per unit volume, or rate 
ensi es, and providing expressions for each respective reaction, 
igure 1 ill us ra es th · s neu ron lifecycle process. All events 
in the li:ecycle are reaction rate densities with units of events/ 
c 3 -sec . he factor keff is the six .t:"actor product, EpfTJ$£F ~TH 
The abbrev·at'on , represents t e average fission neutron fast 
non-leakage probabilit , ave F The slowing down time, t 1 , is taken 
as zero. 
I di ated are two tot fission rate densities, one at time 
t and the second at time ( t+.fT) . The time rate of change of the 
fission rate density can then be determined by using these two 
expressions and the definition of a derivative of a continuous 
function f(x 
d 
dxf(x) = l im 
X: 0 
f(x+ 6.x) - f(x) 
6.x 
II.6 
Since the fission rate density as a function of time is continuous, 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































~P(t) = lim P(t+ tlt) - P(t) 
dt 6.t~ o At 
II.? 
Using the relatively :small value of the neutron lifetime, i,T' as 
the .~t, this limit becomes: 
~tP(t) = P ( t+ .t T) - P ( t) 
.tT 
II.8 
Subst"tuting expressions for P(t+ .eT) and P(t) from the diagram 
into th s equation a.nd rearranging yields the first reactor 
k etics equation: 
where 
6 
= k f- ,..(1-tl)P( t) e I + k _ff LA.C (t) + k ff-S(t) - P(t) e . ll ~ - e _ _ 
~== 
6 




s(t) - s'(t)/v 
T e 
p = 
efin . tion of reactivit.y (p) 
ke f - 1 
k ,eff 
i.s: 






By using thes,e two definitions. and by rearranging equation II. 9, 
the first reactor kinetics equation can be written as: 
* ' ,t, p = II.l2 
12 
The second through seventh reactor kinetics equations may be 
written directly from the diagram as: 
6 6 
L C. (t) = P(t)v~ -
. 1 ]. 
J.= 
2:. A..C . (t) 





c. ( t) = P ( t) v,B. - A.. c.( t) 
l - l ll. 
i = 1,2,),.4,5,6 TI,l4 
By applying the birth energy correction to the· terms in equation 
II.l4, the second through seventh kinetics equations then become: 
i = 1,2,),4,5,6 II.l5 
It is frequently convenient to make use of a comparison 
between the time rate of change· of the fiss,ion rate density and 
the fission rate dens1ty. eactor per:od is defined as: 
T(t) = II.l6 
and has units of seconds. Physically,, a reactor :period of one 
second escribes a fission rate density which changes by a factor 
of e or ""2, 828, 111 one s.econd. Lograte is defined as: 
LGR(t) = ~t(log10P(t)] 
with units of decades per minut·e (DPM) ., 




This is equivalent to: 
II.l8 
where the constant 26.06 has the units of DPM-seconds. Lograte is 
useful in indicating the rate at which the fission rate densi~y is 
rising (falling) relative to the fission rate density at that time. 
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III. KINETIC MODEL OF THE REACTOR PLANT 
Power Plant Model 
A basic :power plant is depicted in Figure 2 which illustrates 
the coupled primary and secondary lao~ configuration. Heat is 
transferred by the fissioru..ng process in the reactor core by 
conduction and convection to the primary coolant flowing through 
channels . The heated coolant then is transported by forced 
con ection to the steam generator which acts as a heat exchanger 
between t e primary and secondary plants. Feedwate!r from the 
steam plant is ~ed into the steam generator, heated by the 
circula.t~ng coolant through tubes,, and produces steam through 
evaporation, T ,e, steam is throttled and admitted to a turbine 
which in turn becomes the· prime mover for an electrical generator. 
Exhaust steam from the turbine is first cooled by a condenser 
forming a saturated or subcooled liquid., and is then returned as 
feedwater to the steam generator through forced convection by the 
use of a feed pwnp. Therefore, coolant leaving the steam generat·or 
has tTansferred heat to the secondary plant and is returned to the 
reactor through a coolant pump for reheating. 
This model assumes a s:ngle loop and a single steam generator. 
Were an actual plant t ,o have two or more coolant loops, this m?del 
is valid providing all loops had the same mass flow rate, and all 














Pr · ary Plant Secondary Plant 
Fig . .2.. Basic Power Plant 
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transients. I£ these conditions did not exist a mult iloop analysis 
would be required should solutions for individual l oop and s t eam 
generator temperatures be sought. However, if com:plete mixing 
existed inside the reactor inlet plenum, the transient kinetic 
response of the reactor core would be essent i ally the same for a 
gi en steam demand change for any single or mul tiloo:p arrangement 
ith equally distributed loop mass flow rates . Since reactor 
poHer beha. 1or will depend on the, coolant loop transients, a 
pr' a plant odel ill now be proposed. 
Reactor Plant odel 
igure 3 shows the basic primary plant control loop model. 
Coolant flo ·ng out o t e steam generator tubes at temperature 
enters an o t et plen 
sc 
region and experiences a mixing effect 
hich · poses a t e elay. Coolant leaving this plenum at 
te erature T t en undergoes a pure transport delay in the cold 
sea 
leg unt· it eac es the reactor vessel inlet plenum wherein 
another g delay occurs prior to entry into the reactor core 
reg·on . Coolant leav1ng this inlet plenum at temperature Tc flows 
through he core and is heated to the core outlet temperature Th 
via the .c-ission~ng :process. Fission fragments which are primarily 
respons ble or the heat from fission are prevented from entry into 
the coolant by c adding mater · a1 surrounding the uranium-235 fueled 
region. 
The average coolant (moderator) temperature Tav and its time 
AVERAGE 
a MODERA'IDR ,..... ___ ..,... 
TEMPERATURE 
(Tav) 
r., 1 x 1 NG c 
IME y I 
GE ~RA R 


















































rat·e of change will effect a change in the reactivity through the 
temperature coefficient of reactivity aT, and, in turn, a change 
in the fission rate density as predicted by the reactor kinetics 
equations already developed. Control rod position changes and 
transient fission :products, primarily xenon-135, will also affect 
the ore reactivity and thus the fission rat~e density. The 
coolant exiting the core reg·ion enters the r~eactor vessel outlet 
plenum in hich ixing effects produce a time delay in the flow of 
th · s coolan back to the steam generator . Another pure transport 
elay a ises in the hot leg between the outlet of the reactor 
essel outlet plenum and the steam generator inlet plenum, A 
fourth mix g effect occurs in the steam generator inlet plenum. 
Coolant lowing from the outlet of the inlet plenum then transfers 
heat by conduction and convection through the steam generator tubes 
to t e ste --water mixture of the secondary plant in an evaporator 
section Finally , t e cycle begins again as the coolant leaves 
t e steam generator tubes. In order to adequately describe the 
changes 1.n the f1s.s1on rate density and various loop temperatures, 
an analysis of each component of the primary plant will be 
necessary, 
Primary ComRonent Thermal Analysis. 
Reactor Thermal System 
Figure 4 illustrates a typical cross section of a simplified 



















Fig. 4. Reactor Core Cross Section 
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19 
element has a constant density and constant specific heat capacity 
will be made . A basic thermodynamic energy balance for an element 
of the core having a unit height and unit dep-th consists of a one-
dimensional heat flow description.. The rate of accumulation of 
energy inside the fuel element per unit area will equal the heat 
rate into the fuel per unit area plus the heat generation rate 
within t e fuel per unit area minus the heat rate out of the fuel 
per un~t area :5 
0 + a'11 t '!:' f 2U (Tf - T ) r m III.l 
By 1dentifying the· third term on the left hand side of the equation 
as he specific heat capacity at constant pressure for the fuel 
and rearranging, the above heat balance reduces to a non-homogeneous 
first order, linear ordinary differential equation with constant 
coe ic · ents for a constant f ow rate·: 
dT 
ot + = 
2U 
___ r_T + 
pftfcf m 
III.2 
Heat gen~erated per un1t volume by processes such as fission 
fragm~ent decay heat normally accounting for less than 10 percent 
of the reactor power density is excluded from the above equation 
for simplificat on. By integrating this differential equation ov~er 
the space coordinates of the core, average values of the fuel 
temperature Tf and moderator tem:perature Tm will yield the average 
fuel temperature Tf and average moderator temperature Tav'' 
• Ill 
respectively. Furthermore ,. by integrating ~ over the core volume, 
20 
. 
the reactor power ~ now appears in the equation: 
2U 
= __ r_·_ T + 
pftfcf av III.J 
A similar analysis of the channel coolant r~esults in the 
following heat balance~ 
oT 
t ~ ~ = 2U (T T ) 0 pm m oT ot ~ r f - m + 
pmtii! ~ 
~T (Th - T ) III.4 
T I J c m o m 
where r equals the time for a unit volume of coolant to ~ass 
0 
through t he r ·eac.tor core. By identifying the third ·term on the 
left hand side of the equation as the speci:f'ic heat capacity at 
constant pressure for the oderator, integrating over the space 
coordinates of the rea,ctor, a second non-homogeneous first order, 
l~n~ea.r ordinary differential equation with constant coefficients 





r ---T = 
p t c av 
m m 
2U r 1 
f- T Th 
0 
III.5 
singl ~e second order, linear ordinary differential equation 
wri-11 result by combining equations III.} .and III.5, thereby 
elim:Lnating the aYerage fuel temperature Tf. Since the average 
moderator temperature T is the arithmetic average of Th and Tc, 
av 
the resulting second order equation may be written in terms of 
these latter two ~dependent variables: 
+ 
dT .. ·c 
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Due to the volumetr·c and directional changes experienced by 
t e coolant as ~t flows from the cold leg piping into the reactor 
vessel inlet plen , to the core inlet, the flow cannot be 
characterized a.s sheetlike . Mixing to a considerable degree takes 
place · the inlet a d outlet plenums of l::oth the reactor vessel 
and the steam generator. Consider the simplified diagram of a 
m1Xing rol e representing the reactor inlet plenum as shown in 
Figure 5~~ Assum:Lng 100% mixing 1 an energy balance is made equating 
he rate of accumulation of energy in the volume to the rate of 
energy in plus the rate of energy generated minus the rate of 
energy out ,of the val ume: 6 
m L[c (T .... T )] 
ri dt p c ref = 
•. 
m c (T . - T ) c p rc~ ref + 
0 - ~ccp(Tc-Tref) 
IJ;I. 7 
Since the specific heat capacity at constant pressure can be 






pec:Lfic heat capacity, c"P 
Reactor inlet plenum mass, mri 
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equals the product of the coolant density (assumed constant) and 








v - T V . rei 
r~ 
~~'tc - k6(T - T ) 





An a ogous study of the - ixing effects in the reactor vessel 
outlet plen ~ esults in a s1milar differential equation: 
dt 
~ e_e = v ro 
Steam Generator Thermal System 
III.lO 
-he same basic thermodynamic techni~ues are now applied to 
the steam generator Considering first the :primary coolant, side 
of the t bes and by ef'erring to Figure 6, the rate of accumulation 
of energy 1.nside the tubes will equal the heat rate in plus the 
heat generation rate minus the heat rate out: 
0 = 
I 
m c (T - T ) + c c sh sc 0 U A (T - T ) s s sg s 
By algebraic rearrangement, this equation becomes: 
U A (T - T ) 
s s sg s 
In th,e steam-water region of Figure 6, the rate of 
III.ll 
III.12 
accumulation of energy in the steam-water mixture equals the heat 
s ' s 












rate into the mixture :plus the heat generation rate minus the heat 
rate out of the mixture: 
dT 
s 
m c = s s dt U A (T s s sg - T ) s III.lJ 
Since t e steam temperature T is common to both equations III.l2 
s 
an III . lJ and the average steam generator primary coolant 
te perature sg is the arithmetic average of T h and T , s sc 
equat"ons II.l2 and III .l3 may be combined resulting in a first 
order ll ear differential equation in two dependent variables, 
T 
s 
and .. . sc 










k9 sh ku_Qs III.l4 = k8~ + 
-~ - ~c) c c --UA s s 
(~ + CCC) U A s s 
1 
m c (2ml + u\) s s c c c s s 
k9 
1 
A plenum ml.Xing analysis for the steam generator uses the 
same basic techniques as those used for the reactor vessel inlet 
plenum. The resulting equations are: 
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Loop Transport Delays 
T e con ecti e transfer of heat from the reactor to the 
steam generator ay now be· examined. The temperatures are 
rep ese ted as · 
= T (t -· T- ) rho d III.l7 
o the inlet coolant temperature to the steam generator Tshi 
as _ es he same fo as the reactor coolant hot leg :plenum outlet 
temperature Trho. although 1t attains this s:pecific value after a 
fixed trans ort delay Td· Providing the coolant piping is well 
insulated to prevent heat losses to ambient, this becomes a good 
~ t. approxJJna ~on., By a, similar treatment the transport delay from 
the steam generator back to the inlet of the reactor vessel inlet 
plenum can be described by: 
T .(t) = T (t- Td) 
rc~ · sco 
III .. l8 
This reJ?resentation for a pure cold leg delay :provides reasonable 
accuracy if the coolant piping is well insulated and if :pum:p 
heating is ignored. 
.Reactivity Effects 
This primary plant kinetics model considers reactivity 
27 
var·ations ith the average moderator temperature T , control rod av 
pQsition, and fiss~on product poisons. The fission product poison, 
enon-135 i by far the most important one of concern due to its 
extre ely igh t ermal neutron absorption cross section of nearly 
three m · lion barns, its relatively high effective steady state 
yiel from _ission and the variations in concentration that it 
experie -ces during short time intervals. Therefore this mod,el will 
cons der xenon-135 as the only ._ajor fission product poison of 
s nificance. Other uclear parameter changes in the reactor core, 
s c as f el and burnable polson depletion, moderator p~essure 
hanges, and long term stable fission product poison buildup, will 
also affect core rea.cti ity· however, these changes have much 
smaller effects on the core kinetic res,ponse. They are therefore 
omitted f om the odel . 
Since the seven k·netics equations are directly linked with 
the core reactivity, a method by which the reactivity p and its 
. 
tim~e derivative p at any give~n time must be provided. Since 
reactivity is a function of T , control rod position and xenon-135 
av 
concentration,, the time rate of change of reactivity by application 





'dp_ av + op d.H_ + 
aT dt oH dt III,l9 
av 
or, more _si ply: 
P = a T + DRW•H + a . ife 
T av Xe 
where 
t ~empe ature coefflcient of reactivity 
DRf = differential rod worth = 




By integrating equation III.20 from time zero to time t and 
rearra g, t e reactivi.ty as a function of time is expressed as: 
p(t) = DRW·H + a £1e ) dt Xe 
III.21 
This co pletes the analytical treatment of :primary loo:p 
temperatures and nuclear parameters. To pr·ovid~e a complete east 
of' equations by which the solution to the kinetic response of 
reactor :power may be determined, approximation t ~echniques will be 
util~zed J.n the following chapter. 
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IV. FINITE DIFFERE CE EQUATIONS FOR PRIMARY LOOP PARAMETERS 
hen grouped together, the foregoing primary loop differential 
equations constitute a system of linear differential equations. 
Conceivably, he system could be :placed in fnndamental form and 
then s,,olved using matrix techniques. 7 Alternately, the system 
co d be ombined to yield a single eleventh order linear 
d. fe ent · al equation which could possibly be solved using advanced 
anal techniques . he digital computer, however, has presented 
'tself as a ore than adequate eans by Which problems of this 
enre ay be solved us ng finite difference and it,eration methods. 
herefore, this chapter shall reduce the previously developed 
equa ions o ones which will facilitate the employment of a digital 
computer a proach. 
he te te erature variables wi _ be considered fir.st. A 
forward difrerence procedure, or Taylor series; is chosen to express 




T + sc n 






n = 0,1,2, ... IV.l 
where t represents the iteration time interval. For small values 
of the terms on the right hand side of equation IV .1 in the 
full Taylor series ex:pansion corresponding to the higher powers· 








III.l4 provides a differential equation for the time rate of change 






- k_T - k_Q 
-"lo scn+l -"ll sn+l IV .2 
If · s approximated as a plecewise linear function between time 
sc 














e te perature lea ing the steam generator outlet plenum 
T ay be approxima ed by the same method used in equation IV.l. 
sco 
e irs deri1ative of this te perature is described by equation 
I .16 c rep esents the mixing effect in the plenum. Thus, 
. 






3 scn+l sea ) n+l 
Finally, T is ap:proxJJnated by the Euler-Cauchy method as in sco 
equation IV .3. 
IV .4 
e tero~erature entering the reactor vessel inlet ~lenum has 










The temperature of the coolant entering the reactor core from 
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the inlet plenum and its se~cond time derivative may be expressed 
by the same form as equations "Dl, 1 and IV . , 3, respectively, trhile 
the first _time der ·vative is written with indicial notation from 




k6(T . - T ) · - rc1. - c . 
n+l n+l 
rv .6 
The average mode·rator temperature in the core T is simiJlY 
av 
the ar. t etic average of the colder inlet and warmer outlet 
te perat ,..e 1 T c and Th, respectively. The value of Th will, 
n+l 
however , depend on the reactor power at time node (n + 1), and has 
yet to be etermined after application of the reactor kinetics 
equations . erefore , the following approximation is used to 







it fee ~back through the temperature coefficient of 
rea.ct_v~ty re uir,es knowledge of the rate at which the plant is 
~ eat·ng p or coo~ing down. Therefore, the first derivative of 






T + Th 
cn+-1 n D!.B 
2 
The temperature of the coolant as it leaves the core is Th, 
wh1ch is aJ>I>I'OXimated b~y the same form. as equation IV .1. Since no 
equation has been developed eXJ>licitly equating the firs.t derivative 
of Th w1th time to ot' er variables or their time derivativ·es, an 




.Equation -III.6 provid.es a means of evaluating the second time 






The values of the terms _ h and T . h are evaluated by finite r o r_o 
ifference equations of the fom of equations IV.l and IV.), 
respecti ely. T e fir·st t1.me derivative of Trho is written by 
eferr· g to equat~on III.lOs 
T 
r on+l 
k 7(Th - Trh ) n+l 0 n+l 
IV,ll 
._ccountl.ng for the pure ransport delay in the hot leg, 
e uat~an III.l s ows the elationship etween the temperature 
en er~ t e steam generator inlet plenum to the temperature 
leavi the reactor vessel outlet plenum, and is written for 
T h" s J_n+-1 
= IV .12 
The temperature entering the tube region of the steam 
generator T
8
h and its se·cond time derivative may be approximated in 
.. 
t e same .manne·r as the temperature T and T Equation III,l.5 
sc sc 
accounts or the mixing effects wi thln this steam generator inl~t 





~2(T h" - T h ) 8 J...n+l 8 n+l 
IV .13 
T e average temperature of the coolant in the tubes of the steam 








The remaining finite difference equati ons involving 
TI .14 
e pera.tures the forms of which have already been specified, are 
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n+l c n 
• 
T - T rh rho 0 n+l -n 
~t 
~t·2 •• 










" T - T 
shn+l shn IV .23 
~t 
At this point all loop temperatures and their derivat4.ves of 
interest ha e been specified in a finite difference fo~at. The 
primary _ ependent variables in the seven reactor kinetics equations, 
namely he fission rate dens1.ty and the fission eq_uivalent precursor 
concentrations for the six groups, must be specified, Using a 
aylor series expansion approximation, the fission equivalent 
precursor concentration of the ith group is: 
. t2 .. 
c - c .. ·+ tc . + -- C. l. 2 l 
n+- n n n 
IV .24 
e second through seventh kinetics equations are used to evaluate 





c. T\T. 25 
he Eule -Cauc y ethod l.S tilized in approximating the second 










The fission rate density can be described by a truncated 
Taylor series expansion as: 
pn+-1 = P + ~tP + n n 
2 at ··· -P 2 n rv .27 
The right and left hand sides of equation II.l2 are divided by the 
effective neutron lifetime£*, placed in indicial notation, and 
may then be written as: 
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. 1 6 







To appro~imate the second time derivative of the fission rate 
density, 'the Euler-Cauchy method is used as follows: 
.. 
pnt-1 - rv.29 
o comple e the cast of equations required for a digital 
co puter analysis, several othe~r parameters must be de:scribed. 
Any steam plant demand changes w-ill be treated as linear functions 
of t• e. Therefore : 
. • . . 





Like ·· se, changes in control rod position with time will be 
consi e ed o have an effect on reactivity (all other parameters 
hel constant) which also is a function that varies linearly with 
t:une., Consequent~ y, 
p = IV .31 
n+l 
Transients in f 'ission product pnison concentration (i.e. 
xenon-135) will also, be considered to vary linearly with time. 
This is generally a good approximation slnce we seek a solution 
to the reactor power over a period of approximately ten minutes 
whereas. a transient in xenon-135 conc.entratio~n due to a previously 
altered power 1 vel will take nearly fifty hours to reach a st~ady 
state condition . The reactiv~ty change due to a time varying 





It cannot be assumed that the average moderator temperature 
in the core will change linearly with time. Therefore, the actual 
heatup or cooldown rate must be considered in evaluating the time 
rate of change of react1vity due to temperature (al~ other param-
eters, held constant) . Hence,~ the reactivity change due to a t.ime 
arying Ta becomes: 
p -
T 1 
aTT av TV,JJ 
Co _bining all three of the above effects, the reactivity of the 
core at the ime node (n + 1) appears as: 
• • 
pn+l = p + aTT + atPR- + 4tPx n av - _ e rv .34 
The e fecti e neutron lifetime t* is expressed in terms of 
the neutron life -ime .t modif:ed by the multiplying ability of the 
reactor. and ay be expressed as: 
IV.35 
Reactor power and t , e average fission rate density are 
d1rectly related ~ that a single fissioning of uranium-235 will 
10 -
yield 193 eV of recoverable ~energy and that the average power 
dens1ty when integrated over the volume of the core equals the 
product of the average p01ier density and the core volume. Hence, 
0 = p~nt 
1 
V r ~ (mass--energy conversion factor) 
'L'n+l 
Chapter V will next org~ze these finite difference 
eCiuat.JLons in a logic format to simulate various plant disturbances 
37 
and. the resulting kinetic response of the reactor. 
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V • COMPUTER MODEL AND VALIDITY 
The compu er model has been designed so as to be capable of 
sunulating the plant kinetics of most of the operating conditions 
that are likely to occur. It is able to reliably calculate the 
po er response in all four ranges, namely the :power range (full 
po er to 10-2 of full power), the period range (10-2 to 10-6 of 
) ( -6 -11 f wer , the coun er range 10 to 10 of full ~ower), and 
e source range (below 10- ll of full power). 11 Additionally, the 
ode is equipped to ana yze transien s in secondary steam demand, 
o -on of con rol rods and changes in fiss1on product poison 
concen at o in the power range, indiv1dually or collectively. 
eactor shutdo by sc amming of control rods or by the normally 
equence nsertion o o s may be examined without any modification 
to e o a as it currently ex sts . Alternately, a reactor 
startup can e s · ulated with t e addition of only a few program 
ste s o eta~ t e seq ence and duration of control rod shims 
cci e ts involving t e inadvertent addition of positive reactivity 
an be analyzed. 
There are several limitations of the plant model which are 
worth noting. ~ere a situation to be encountered such that the 
throttle valve setting to a turbinegenerator in the secondary plant 
be controlled effecting a non- linear variation of the steam demand 
w1th time, the resulting changes in steam temperature and pressure 
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in t he steam g·enerator must be considered in order that the steam 
transient be accurately detailed . Also the present model uses 
an equivalent sJ.ngle loop. If a primary plant configuration were 
such that- loop flow rates were different, a multlloop analysis 
would be indicated involving a much more com:plex study. Most power 
plants ut · ize a pressurizer which maintains the primary plant 
pressure relatively constant by providing a surge volume. If a 
plant :b..ad no such pressure aecomodating component , reactivity 
effec s and ore heat ransfer coefficients would have to be 
ee aluated. ~ ·e plant model aJ.so does not consider any 
etallurg· cal hanges .-rhich ight take· place in the fueled region 
of t e ore u.rlllg an acci ent t ransient,, Flow through the reactor 
s cons·dered cons ant . Equations arrived at i n the development 
0 t · s lan odel 
o be mo · ied if a 
resupposed a single flow rate, and would have 
ultiflo capability were utilized. Convective 
heat ansfer· c ' aracteristics are considered fixed. If core channel 
bo · i ~ or cha ne_ f1owrate changes were contemplated during 
operations, a uch more extensive analysis 1-rould be required to 
ore accurately predict actual heat transfer mechanisms. 
Wit h only slight modification involving the addition or 
deletion of only a few program steps, the versatility of the 
current program ay e ~ncreased. Since differential rod worth is 
normally a strong function of control rod axial position and that 
control rod speed may vary from group to group, subroutines 
accounting for these variations might be employed were they 
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considered necessary . The temperature coefficient of reactivity 
is considered a constant, the value of which may be varied on 
initial data entry. In reality, this coefficient is functionally 
dependent on the temperature of both the fueled region and the 
' . 
moderator , as well as on the position of control rods and xenon-
13.5 concentration. Again, special subroutines could easily provide 
for these variations . 
Should a reactivity addit1on accident be simulated with this 
ogram, no al protective measures used for safeguarding the 
eac.tor are not presently reflected in the program. The addition 
o co · t~onal statements, which would initiate these protective 
eas es s auld any unsafe cond1tions develop such as overpower or 
excessi e te peratures, are easily made to provide for a higher 
e e,l o sophistication. Finally, the inclusion of a d,ecay heat 
ac or as part o_ the otal reactor power would better describe 
the actual thermal out:put of the core after a protective shutdown 
occurred by the scramming of control rods. As the program 
currently ex1sts, the reactor power resulting from such a scram 
would mirror only the immediate fission energy change taking place 
as seen by the nuclear detectors .. 
Program Fl-ow Diagram 
The program flow chart is illustrated by Figure 7. Statements 
for · nputting data comprise the first section of the :program. The 




STOP CONTROL RODS 
STOP 
OL .& C LD LEG MPERATURE EQUATIO S 
~ ALU TE RE CTIVITY 
OL E PRECURSOR EQUATIO S 
ALUA _ EF'FECT TE NEUTRO LIFETIME! 
COMPID'E FISSIO RATE DENSITY TERMS 
C.ALCUL TE REACTOR POWER 
SOLVE HOT LEG TEMPERATURE EQUATIONS 
0 
YES 
Fig. 7. Program Flow Chart 
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constants ~nde:pendent of any specific plant design. Plant related 
data includes heat transfe.r coefficients, material properties and 
dimensions of both th·e reactor and steam generator, cool.ant flow 
-
rate in~tJ.al (steady state) ave.rage moderator temperature, and 
, 
·nitial reactor power, Parameters which may be varied to simulate 
a given plant. transient include. the temperature coefficient of 
reactivity, the neutron lifetime, the effective delayed neutron 
fraction, and predetennined transi,ent schemes for steam demand, 
control rod ot on, and xenon-135 concentration. The program is 
no ~ ally in tialized as one in steady state although this is not a 
recr · e ent and may in fact start from some point in a previous 
traP..sient . P- ys · cal constants lllclude delayed neutron precursor 
deca constants and necessary dimensional convers.ion factors. 
Program control constants are also provided as inputed data so as 
o facili -ate a greater flexibility with which to modify program 
runs. 
After this data. has been entered into memory, a s.eries of 
computat~ons are, made to evaluate constants peculiar to the plant 
being investigated. To insure a steady state condition exists and 
to establ1sh the init~al temperature distribution, all temperatures 
in - he cold leg and hot leg are set equal to T and Trho' sco -
respectively. The compute·r is then directed to record by printout 
some of the entered ata, computed constantsJ and loop temperatures 
for future reference and comparison purposes, 
Four conditional statements then update· the problem in time 
4J 
and control the transient schemes of steam demand, control rod 
pos~tion, and xenon-135 concentration. If the program has reached 
a predetermined time limit, the computer is instructed to terminate 
exec tion. If the program continues at this point, cold leg 
temperatures between the steam generator and reactor, namely T , 
sc 
sco' Trci' and Tc, along with their time derivatives are computed. 
T e average moderator temperature T and its first time derivative av 
are evaluated and sed as an input to determine the new core 
reacti t iss ·on e~uivalent precursor concentrations and their 
e eri ati e,s for each of the six groups are evaluated. The 
ef ective neutron lifetime which is dependent on the new value of 
reac i ity ~s calculated. 
The f·ssion ate density and its derivatives are then 
co p ted . An effective delayed neutron precursor decay constant 
auld describe the fraction of all precursors decaying 
e it time if all six gro ps were considered as a single group, 
ls ~e ermined for informational purposes should a single group 
odel be ater purs ed. he fisslon equivalent production rate 
ensity, ~ , and the r·sslon equ~valent activity of all delayed 
neutron precursors, A. G, are calculated to SUJ?port such a single 
group study. From the fissio rate density at this new nodal point, 
the reactor power is evaluated in both megawatts and percent of 
ful power Inversely proportional to reactor period, lograte is 
computed by us~ng P and P. 
Temperatures in the hot leg between the reactor and steam 
generator are considered next. The temperatures Th, T h , T . , 
r o shl 
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and Tsh along with their time derivatives are evaluated. At this 
point instructions are given to the computer pertaining to the 
umber of complete cycles over which iteration steps are conducted 
prior to print ng parameters of interest. If the end of the time 
interval is reached, values of time, steam demand, reactor power, 
lograte, reactivity, and average moderator temperature are printed. 
hen the nex - serles of cycle iterations are performed followed 
a a n by a printing of output parameters. When a satisfactory 
ab 1 at on of ata as determ ned by a preselected program stop 
t• e has en ade program execution is terminated. 
he ppen 1X provides a source l·sting and sample program 
o put for this d · g·tal co puter analysis. 
odel Validity 
n or er t at a proper assessment of the validity of this 
ig"tal o el be presented, several considerations must be examined. 
First, · the pr~ary plant differential equat~ons have been 
developed based on generally accepted mathematical techniques 
applied to representat1ve descriptions of plant components, a 
sound foundation results. A strict, closed form analytical approach , 
an analog compute t reatment, or a digital computer analysis are 
then the t hree possibl,e methods available for solution to this 
ntegrated problem. Since a digital study has been used here, the 
manner in wh~ch the differential eg_uations are reduced for computer 
4_5 
application must be evaluated. If these finite difference 
techniques have shown success in p~revious dynamic simulations, a 
high degree of confidence should then apply to this model. Finally, 
comparison of this model solution with either experimental data or 
an ultra~sophisticated ig.tal study to the same physical problem 
provides the ultimate test upon which the validity of this approach 
may be assessed. 
e .ifferential equations developed in Chapter III are 
essential y ident·cal to thooe presented by Schultz, 12 Glasstone 
an esonske, 1J Tyror and Vaughan ,14 and Grace15 in their reactor 
system and inherent stability analysest with a few noteworthy 
except*ons. he motivation for these analyses was the eventual 
·ncorporation of the esult·ng differential equations into an 
analo co puter arrangement to invest~gate the system stability 
s g yquist 's c iterion, log magnitude and phase diagrams, and 
analog trans ent es:ponse curves. Adequate stability by these 
1nvest · tor was achieved by considering only inlet plenwn mixing 
e fects ill t e reactor vessel and steam generator. This model 
incl des the damping effects of: both inlet and outlet :plenum 
mixing. Another simplification used in the analog studies involved 
the use of a simple exponential form looJ? transport delay time due 
to its inherent suitability for analog design. The use of digital 
iterative techniques in this model quite easily facilitates a pure 
transport delay which more closely approximates actual plant 
behavior As a result, the differential equations presented here 
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lend ci·edibility to the model, 
The f~nite difference eq_uations which utilized the Taylor 
series expansion and Euler-Cauchy methods are standard techniques 
d . - . al 1 16 1 . use ~ numer~c · . ana yses. · So ut1on stability was achieved by 
USlllg the proper time step- intervals in the iterations, and by 
c~ osely odeling the program after actual plant component and 
system esig offerr·ng various primary loop damping effects. 
Furt er verification of model validity was made by a direct 
compar ·· son of he model predictions of various nuclear and plant 
:parameters to those resul~..ing from reactor safety analysis studies 
o t e ewaunee . clear Power Plant. These studies provide the 
pr a:ry bases pon hich this plant, operated by the Wisconsin 
P bl·c Serv~ce Corporation, is licensed by the Nuclear Regulatory 
ommiss·on. Rather than testing the model by evaluating the 
r sient es onse to routi e operations which would be ex~ected 
o :pro uce elati e y slow temporal changes, accident situations 
~nvol ing a~i ~Y changing load demands and control rod positions 
were analyzed by use, of the model and then compared to the Kewaunee 
safety studies. 
The Kewaunee Plant is a thermal pressurized water reactor 
power plant with a nominal reactor power output of 1650 Mtft and an 
equivalent gross electrical output of 560 MWe. The primary plant 
utilizes a single reactor, two reactor coolant loops each of which 
employing a. single steam generator and reactor coolant pump. 
Primary system nominal pressure is 2250 psia with a coolant flow 
rate through the reactor of 68.2 x 106 lb/hr (178,000 gpm). 
Average moderator temperature in the core is 569 °F with an 
average rise in the core of 66,4 °F at nominal power. The fuel 
is comprised of uranium- 235 enriched to approximately 3.% at the 
beginning of core life in the form of sintered uo
2 
and is 
a brlca ted · nto 21, 6 59 fuel rods cladded with zircaloy. The 
eq_ui aJ.ent core diameter is 96 . 5 inches while the core height of 
the ac · ve - ue region _s 144 inches. There are 528 rod cluster 
47 
co t ol assemblies (RCCA) utiliz · ng a cadmium-indium-silver neutron 
a orber ater · a cladded with Type 304 stainless steel. Light 
ater ( 2o) 1s used as the coolant, moderator, and reflector. 
uto ati and s utdown control is by means of inherent stability 
o gh he emperature coeff-cient of reactivity, the RCCA's and 
y a bo on eed and bleed process . A pressurizer designed to 
ov e a s ge volume and a means of automatic pressure control 
s co ec e to t e - ot leg upstream of one loop's s team generator. 
ence, .!. e Kewa ee Plant provides a suitable means of comparison 
for t e dig1.tal pla t model. 
hree accidents were analyzed by this model and compared with 
the Kewaunee safety analysis transient curves. An uncontrolled 
RCC withdrawal at power resulting in both a rapid (8.2 x lO~P/sec) 
and slow (0.3 x 10-4 P/sec) reactivity variation with time was 
irst considered. Then an excessive load increase accident was 
evaluated. 
The uncontrolled RCCA withdrawal at power with a reactivity 
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-4 ~ I insertion rate of 8. 2 x 10 Ll.pl sec results in an immediate response 
in the f1ss1.on rate density throughout the core with an attendant 
increase in core heat flux, Assuming the steam generator pressure 
does not reach a relief or safety valve setpoint, the heat 
extracted from the steam generator remains constant and as a result 
a net increase in the reactor coolant temperature is seen. The 
protect ·on analys·s for this plant responds by actuating a reactor 
tr p (sc am), h ch lS a grav ·ty insertion of the RCCA's, rapidly 
shutt1ng own t e reactor and preventing damage to the core from 
LJ\..J-'-..L....J-.ng in the coolant. This trip occurs approximately 1. 2 seconds 
ter the start of t e accident . 
he safe y analys 's response curves for reactor power and 
average o erator temperature provided in the Final Safety Analysis 
Repo of t e Kewaunee Plant offer a convenient means by which a 
odel com arisen ay be ade during t e interval prior to the 
reactor tri . F · gure 8 illustrates resulting curves and the 
·· 1tial alues whic have been conservatively chosen by the design 
study and 
0 hich are 102% ~or reactor power and 571.3 F for the 
average oderator temperature . It is observed that significant 
agree ent exists between the compu er model and the safety analysis 
e en wit in the relatively small parameter bands chosen for 
illustrat · on. 17 
A second uncontrolled RCCA withdrawal at power with a much 
-4 .! s aller reactivity i sertion rate of 0.3 x 10 ap,sec and a 
significantly longer time transient has oeen chosen for comparison. 
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The protection system of the Kewaunee Pl ant initiates a rea ctor 
trip on overtemperature 6T after approximatel y 44 seconds. Results 
of the computer simulation and the Kewal.Ulee safety analysi s are 
shown in Figur~ 9. The maximum errors between the model and the 
safety analysis observed during the time interval are 1.4% in 
0 
reactor power and ).5 F in average moderator temperature, both 
of wh c are certainly acceptable results considering the fact 
that spatJ.al effects within the three- region core have not been 
considered and that mixing within plenum volumes were considered 
to be 100%. 8 
ird acc·dent, an excessi e load ~ncrease, involves the 
rap increase in s earn generator steam flow that causes a power 
s ate be ween the reactor core power and the steam generator 
loa de and . The · ewaunee safety analysis uses a detailed digital 
- ulation of he p ant including core kinetics, reactor coolant 
system, an the steam and feedwater systems in order to show proper 
afeguards against possible reactor core damage and adverse 
environmental impact. An analysis of this accident was conducted 
using this computer model with the same initial conditions of 
average moderator temperature of 571.3 °F, reactor power of 10~ 
of nom·nal power (16.50 {t)' and with a temperature coefficient 
of eactivity of -4 .0 X lo-4fF Results of both this model and 
the Kewaunee analysis are shown in Figure 10.19 
It is noted that the difference between peak reactor power 
values is approximately 1 . 7,% while the initial relative minimum 
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and flllal steady state values of the average moderator temperature 
0 
differ by about 1.4 F. In both cases the transient exists. for 
130 seconds and experiences similar times to peaks and dips in 
both reactor power and temperature. Therefore, with a simpler, 
less ime-consuming and costly progr~, acceptable results are 
obta ned The intention here is not to offer a digital modelling 
techn 'que to supplant the ery extensive and sophisticated digital 
simulat · on used in the safe y analyses, but rather to provide a 
program ch coul be uti1.1zed , for example, to conduct several 
i ex ens·ve prelJJn·nary studies to · nvestigate the effects of 
ary parameters associated with plant components and reactor 
ki etics o overal · plant control. 
r a 
f ni e 
a e on the genera y accepted development of the system of 
lant · fe ential equations, the well-recognized use of 
ere ce a:p ro · ations to facilitate the use of digital 
et ods 1. and the general agree ent of the model predictions with 
t e safet analysis results of an actual thermal pressurized water 




ow that the digital program has been d·eveloped, made 
reasonably versatile for application to essentially any thennal 
pressurized water reactor plant, and has demonstrated that it can 
be used - ith some degree of co·nf~dence up to and including rapid 
plant transients, its utility as a design and training tool will 
be discussed, 
Tlo :prov1de several examples. of how the program might be used 
in a parametric design analysis, three commonly encountered plant 
evolutions will be examined, Although many parameters such as 
oop si e essel plenllin vo umes, heat transfer coefficients, 
ef ect e delayed neutron fraction, and effective neutron lifetime, 
caul . be va ·ied, it auld be especially instructive to investigate 
the effects o - varying the parameter which is primarily responsible 
or the negative· eedback in the system. The temperature coeff.ic~ent 
of react~ vi ty, therefore, is the paramet.er which accounts, for the 
inherent stabi11ty, the oapabili.ty of automatic react~or power 
control by steam demand in most plants, and the essential factor 
. 20 in reducing the severity of many overpower acc~dents. 
The fust transient that will be considered is one whereby 
with th·e reactor in~ti,a.lly critical with the power level in steady 
state and in the pow~er range at 20% of nominal power, a ramp 
incre,ase of the secondary steam load is made at one percent per 
55 
second, to a final value of 80% of nominal power. Eleven values 
of the temperature coefficient ranging from +2.0 x lo-4j°F through 
-4;o zero to -15.0 x 10 F were used- for an imaginary plant having 
. . . 
representatJ.ve time constants . As expect ed, for a positive 
temperature coefficient which -presents a positive feedback 
mechanism, the program very quickly reflected these regenerative 
effects and prlnted out progress ively decreasing average moderator 
te pera ure and reactor power . Also, for a zero value of the 
coeff cient, reactor power did not change at all with the 
·~ ncreas ng steam demand, aJ.. though T along with other plant 
av 
te peratures ontinuously fell indicating that the coolant was 
accomodat~ng e increase in secondary load by a loss of its 
J.nternal ener 
Depic ed in Figure 11 are the response curves for three 
val s of the coe f cient along with the attendant steam demand . 
The f~ a teady sta e values of reactor power and steam demand 
ere found o equal 80% of nominal power, while the average 
moderator temperat e returned to its original value with the 
eactor left crl.tica.l once again. It is noted that the transient 
assoc·ated with the smallest magnitude of the coefficient produces 
a sluggish response with a relatively large overshoot and subsequent 
undershoot. A preliminary plant study such as this indicating an 
overshoot of more than 4c:r% over nominal power would suggest that 
an overpower trip would result due to, an imprudent choice for the 
coefficient's value, and that redesign would most probably be in 
56 
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Fig . 11 . Ramp, Increase in Steam Demand 
57 
order. A design plot of the power overshoot versus I£YTI such as 
th~e one represented by Figure 12 generated by running the program 
for several alues of the coefficient, would be benef icial in 
selecting an optimum value for the coefficient wi th other des ign 
constraints factored into the decision process . 
The second trans·ent considers, again, a reactor initially 
critical, ., steady state, with the power level in the power range, 
but ow at 80% of nominal power. 
~ 
A ramp reduction of the secondary 
steam de and is made at o _e percent per second to a final value of 
20% of nomJ. al power. A full range of eleven values of the 
coe~f~c·ent ere aga~n used for the non- specific design. Positive 
alues of the emperature coeffic·ent showed plant instability 
-rrllile a zero va ue res ted in no change in reactor power level 
b t co tin ousl y creasing core and loop temperatures due to the 
dec ease i econdary demand. 
igure 13 provides plots of power versus time for st,eam 
de, and an reactor power for three different feedback conditions. 
Observed again ~s the sluggishness of the response associated with 
the small ag~tude of the coefficient. Of interest is a comparison 
betw~een the res:ponse curves for aT = -0. 0002/°F. For the downpower 
case reactor power drops more slowly than it rises in the uppower 
situation due to the more gradual product.ion of neutrons from the 
longer-lived delayed neutron precursor decay preventing the fission 
rate density from falling more rapidly. In the uppower case, the 
shorter-lived precursors seek the higher equilibrium values much 
58 
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Fig . 12. Pow·er Overshoot for Ra.m:p Increase in Steam Demand 
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Fig. 13. Ramp Decrease in Steam Demand 
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more rapidly and are in a greater relative abundance than the 
longer-lived ones referenced to a steady state condition, therefore 
having a greater effect on the fi~sion rate density. The final 
steady state value of reactor power and steam demand is 2rf/o of 
nomlllal power while the average moderator temperature returns 
to its or1ginal value pr1or to the steam transient for all. negative 
al es of the temperature coefficient. Figure 14 provides a plot 
of the power undershoot versus jaT j and displays a smaller degree 
o po .fer de ooting when contrasted with the uppower case of 
· gure 12 . though the undershoot is smaller than the uppower 
o ershoot the duration of the power mismatch is much longer for 
t e ownpo er e ol tion . 
A ten second control rod withdrawal from a critical, steady 
state con ition lll the power range with initial power level at 5a% 
of o ina power is the hird trans ient to be used to illustrate 
the application of t e plant model . The rate of reactivity 
insertion d e o the moveme t of control rods during the ten seconds 
-4 I is +2.0 x 10 p sec and is representative of the product of 
differential rod worth and control rod bank speed for many 
pressur1zed water -eactors, 
Figure 15 represents a plot of steam demand and reactor power 
versus tDne for three values of the temperature coefficient. \afere 
the protection system of a reactor plant to be such that a reactor 
shutdown trip occurred whenever the power level exceeded lOo% of 
nominal power, the selection of a temperature coefficient equal to 
61 
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Fig. 14. Power Undershoot for Ramp Decrease in Steam Demand 
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6) 
-0.00005/°F obviously would be a poor choice as this would result 
in a shutdown . It is seen from the figure that a smaller magnitude 
of the coefficient yields a more sluggish response with a larger 
overshoot and undershoot. Steady state was essentially established 
n 6 seconds ~thaT~ -0.0005/°F whereas 300 seconds ~ere reqUired 
wit 0! = -0. 00005/°F. The average moderator temperatures at 
e · · ibrium were 4, 0 °F and 40 °F higher, respectively, than prior 
o t e rod shim. If the protection system initiates a shutdown 
from an overtemperature condition, this would contribute to the 
disadvantages of designing a plant with an inade~uately small 
magni de for t e temperature coefficient of reactivity. 
The fourth trans:ent considers a ten second control rod 
i edo - from a crltical, steady state condition in the power 
ra e · th in ial ower leve at .50% of nominal power. The 
-4 J react· •t ertion rate due to control rods is -2.0 x 10 ~Ptsec 
ing he en seconds. Figure 16 provides plots of steam demand 
and reactor o er versus time for three different values of the 
emperature coeff "cient of reactivity. A slower response with a 
larger ove s oot and undershoot results for the smallest magnitude 
of t e coefficient as seen in the previous three transients. It 
1s observed that the degree of undershoot for the drivedown is 
smaller than the degree of overshoot for the control rod withdrawal 
case, again due to the action of delayed neutron precursor decay .• 
A final transient is presented to illustrate the reactor 
kinet · c esponse to a rapidly varying fission product poison 
64 
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Fig. 16. Ten Second Rod Drivedown 
concentration. The fission product poison which most greatly 
affects the dynamic behavior of the reactor is xenon-135. This 
isotope will undergo its greatest variation in concentration 
immediately after a reactor startup to 100% of nominal power 
commenced approximately ten hours following a shutdown from steady 
state conditions at full power late in core life~ With the startup 
occurr1ng at this point ·n time, the xenon-135 poison will 
ex~erience i s greatest rate of burnout d e to the absorption 
o er al neutro_s conseq en y decreasing its concentration. By 
USlng e isotop1c balance equa · :o for xe on-135 under these 
con ·t·ons and using typ1cal r·ss o cross -section, flux and 
p ys ·cal constan alues, t e reac · it insertion rate which 
-4 ( res ~ ts is 0.122 x 10 p sec. he reactor power transient for 
hree va es o the temperature coefficient is shown in Figure 17. 
h1s add tion of positive reactivity with time effects a plant 
heat p e to the power mismatch between steam demand and reactor 
power if control rods are not repositioned to offset this reactivity 
cha e. These eatup rates were found to be 14.16 °F/minute, 3.66 
°F/m ute, and 1.46 °F/m~nute for aT= -0.00005?F, aT = -o.oooz?F, 
and aT= -0,0005;or, respectively. Many pressurized water reactor 
pla ts have heatup l·roitations due to the thermal stresses developed 
n the reactor pressure vessel. Hence, the relatively large heatup 
rate of 14.64 °F/minute might prove to be unacceptable in 
preliminary design analyses. An additional problem seen here is 
the large power overshoot of 11.4% over nominal power, a condition 
66 
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Fig . 17. Xenon Burnout on Startup 
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which could conceivably lead to a reactor shutdown due to overpower. 
The computer program may find specific application in several 
areas of interest. Preliminary plant design investigations could 
utJ..l.ze the program in the areas of routine plant evolutions, 
protect· e function simulation, and plausible accident studies. 
Ro tine e elutions might involve reactor startups and shutdowns, 
chemical poisonlng, uppower and downpower steam transients, control 
rod and che leal shims and various plant tests. Protective 
funct"ons s c as reactor scrams, partial rod insertions, and 
he ical · Jection s utdowns could be simulated successfully. A 
ber of conceivable plant accidents could be evaluated including 
control ed rod withdrawal from a subcritical condition, rod bank 
J..salignment, chemical control system malfunction , steam line 
p ures, a d excessive or loss of feedwater system heat removal. 
ch more -etailed and ex~ensive studies using sophisticated 
progra s could then follow in order that plant protective features 
coul e s o to permit safe o-peration for licensing purposes. 
arametric studies might be made with the use of this program 
in the design stage of plant development to ~rovide data upon which 
component and system sizing could be estimated :prior to a final 
etenn~nation us.ing much more costly digital techniques. The 
computer model would be useful as a personnel training device in 
the areas of nuclear reactor theory and plant operations by 
providing an irrunediat·ely accessible and inexpensive program which 
could sJ.IDulate an entire series of plant evolutions for the 
68 
instruction of plant operators and supervisors. Although present 
state-of-the-art hand-held programmable calculators do not have 
quite the programming and storage capacity for such a program, 
with only moderately improved memory capabilities they will soon 
be smtable for accomodating this digital analysis. Liquid sodium 
cooled reactor -plants are certainly candidates for application of 
th · s plant model and program. 
In ge eral , the design analysis and follow-on personnel 
training associated with thermal pressurized water reactor power 
lan ca e undertaken more economically and with perhaps a 
better apprec ation for the dynamic behavior of the plant. 
VII. CONCLUSIONS A.ND RECOMMENDATIONS 
-
The pro-posed objectives of Chapter I have been satisfied in 
that a computer program has been developed to simulate the kinetic 
response of a the,rmal pressurized water reactor power plant. The 
alid"ty of the model has been verified by comparison with past 
efforts of othe,r investigators and by com:parison with safety 
analysis studies of a licensed nuclear power generating plant. 
Ty:pl ally e counte-red primary :plant transients have been discussed 
w"th e a~d of the model program. Predictions of many other plant 
e o u ions ay now be made with some degree of confidence in a wide 
var~ety of applications. 
e versatility of the computer program may be extended 
on the specific accuracy requirements and economical 
constra ts Recommended are the following modifications and 
provements which will provide increased accuracy in future work: 
Pressure effects on reactor power through the pressure 
coefficient of reactivity should be incorporated. A 
dynamic model of the pressurizer with automatic control 
schemes would be required. 
2. The functional dependence of the temperature coefficient 
of reactivity with the average moderator temperature 
should be employed as a subroutine. 
J. The fuel (doppler) coefficient of reactivity could be 
used where fuel temperatures have a significant effect 
on power plant kinet:cs . 
70 
4 . The capability of mul tif1ow conditions via coolant pump 
speed changes could be :provided. 
5. The provislon for multiloop analysis with appropriate 
reactor inlet plenum mixing effects accounted for should 
be made. 
6 Rad.J..oact ·-ve decay heating effects as an addition to the 
immediate fission heating should be considered to better 
approx· ate the thermal output of the reactor core. 
·There significant, the effects of coolant pump heat and 
ambient losses should be factored into the loop analysis. 
7 A a ,jor modification would be the development and use of 
s:pat "al po- er density distributional effects coupled 
with core interpass coolant flow. Channel and fuel 
plate te perature variations due to boiling could then 
be integrated into the model. 
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SOURCE LISTI G AND SAMPLE OUTPtrr 
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